ABSTRACT Cyclin E together with its kinase partner Cdk2 is a critical regulator of entry into S phase. To identify novel genes that regulate the G1-to S-phase transition within a whole animal we made use of a hypomorphic cyclin E mutation, DmcycE JP , which results in a rough eye phenotype. We screened the X and third chromosome deficiencies, tested candidate genes, and carried out a genetic screen of 55,000 EMS or X-raymutagenized flies for second or third chromosome mutations that dominantly modified the DmcycE JP rough eye phenotype. We have focused on the DmcycE JP suppressors, S(DmcycE JP ), to identify novel negative regulators of S-phase entry. There are 18 suppressor gene groups with more than one allele and several genes that are represented by only a single allele. All S(DmcycE JP ) tested suppress the DmcycE JP rough eye phenotype by increasing the number of S phases in the postmorphogenetic furrow S-phase band. By testing candidates we have identified several modifier genes from the mutagenic screen as well as from the deficiency screen. DmcycE JP suppressor genes fall into the classes of: (1) chromatin remodeling or transcription factors; (2) signaling pathways; and (3) cytoskeletal, (4) cell adhesion, and (5) cytoarchitectural tumor suppressors. The cytoarchitectural tumor suppressors include scribble, lethal-2-giant-larvae (lgl), and discs-large (dlg), loss of function of which leads to neoplastic tumors and disruption of apical-basal cell polarity. We further explored the genetic interactions of scribble with S(DmcycE JP ) genes and show that hypomorphic scribble mutants exhibit genetic interactions with lgl, scab (␣PS3-integrin-cell adhesion), phyllopod (signaling), dEB1 (microtubule-binding protein-cytoskeletal), and moira (chromatin remodeling). These interactions of the cytoarchitectural suppressor gene, scribble, with cell adhesion, signaling, cytoskeletal, and chromatin remodeling genes, suggest that these genes may act in a common pathway to negatively regulate cyclin E or S-phase entry. R EGULATION of the G1-to S-phase transition by centrosome duplication. In mammalian cells, Cyclin D/ external signals is critical to the decision to prolifCdk4 and Cyclin E/Cdk2 act to phosphorylate and inacerate or to differentiate. Progression through G1 phase tivate the tumor suppressor protein, Retinoblastoma is controlled by the activity of the Cyclin-dependent ser/ (Rb; Lundberg and Weinberg 1998), which functions thr protein kinases (Cdks) associated with their regulaby binding to and inactivating the E2F/Dp transcription tory Cyclin partners (Ekholm and Reed 2000). In mamfactor required for the transcription of S-phase genes malian cells, the G1 cyclins, Cyclin D (D1, D2, and D3) (Dyson 1998). Binding and phosphorylation of Rb by in association with Cdk4(6), and Cyclin E (E1 and E2) Cyclin D/Cdk4 and Cyclin E/Cdk2 inactivate Rb, in association with Cdk2, play distinct roles in the G1-allowing the E2F/Dp transcription factor to function. to S-phase transition. Cyclin D/Cdk4 functions early in G1 Cyclin-Cdks are also regulated by the binding of Cdk G1, while cyclin E/Cdk2 functions at the G1-to S-phase inhibitory proteins (Sherr and Roberts 1999), such transition, triggering DNA replication initiation and as the p21 CIP1 class of inhibitors, which bind to Cyclin E/Cdk2, inhibiting its activity and leading to G1 arrest.
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The key players in the regulation of the G1-to S-phase D primarily acts to regulate cell growth (increase in cell that this phenotype is sensitive to the dosage of G1-to S-phase genes known to interact with Cyclin E (Secombe mass) and through the coupling of cell growth to G1-to S-phase progression, stimulates cell proliferation et al. 1998) . This article reports the results of mutagenesis and deficiency screens to identify genes that domi- (Datar et al. 2000; Meyer et al. 2000) . As in mammalian cells, Drosophila Cyclin E/Cdk2 activity is regulated via nantly modify the DmcycE JP rough eye phenotype and presents initial characterization of DmcycE suppressor a homolog of p21
CIP1
, Dacapo, which is required during exit into a terminal G1 arrest prior to differentiation genes, predicted to act as negative regulators of Cyclin E and/or the G1-to S-phase transition. (de Nooij et al. 1996; Lane et al. 1996) . Degradation of Cyclin E protein also plays an important role in limiting cell proliferation, and mutations in the ago gene (encod- MATERIALS AND METHODS ing a homolog of Cdc4, an F-box-containing component of the G1 phase ubiquitin ligase) result in increased Mutagenesis screen: For X-ray mutagenesis, 3-to 5-day-old Drosophila males were placed into empty vials ‫001ف(‬ in each)
Cyclin E protein stability and excessive cell proliferation and treated with 4000 rad of X rays in a CIS Biointernational during eye development (Moberg et al. 2001) . However, X-ray machine using a 137 Cs radiation source (activity 3400 relatively little is known about the upstream signals that Ci). Mutagenized flies were then allowed to recover for 4 hr regulate Drosophila cyclin E transcription or the downwith food before being added to 3-day-old virgin females. The flies were turned into new bottles after 2 days and removed stream targets of Drosophila Cyclin E/Cdk2 that lead after 4 days. EMS mutagenesis was carried out as previously to the initiation of DNA replication within a wholedescribed (Grigliatti 1998). For both EMS and X-ray mutaanimal context.
geneses, DmcycE
JP males isogenic on the second and third
The developing Drosophila eye presents an ideal syschromosomes were mutagenized and crossed en masse to b tem to study the relationship between cell proliferation DmcycE JP females. The progeny from this cross were scored for dominant modification of the DmcycE JP rough eye phenoand differentiation. The eye develops from a single cell type. In addition, F 1 progeny were scored for black-bodied layer epithelium at the third larval instar stage, where flies to estimate the mutation frequency. From the number a wave of morphogenesis moves from the posterior to of black mutant flies obtained, we calculated that the X-ray the anterior of the eye imaginal disc (Thomas and Wasmutagenesis frequency was 2.3 ϫ 10 Ϫ3 and the EMS mutagenesarman 1999). Associated with this wave of morphogensis frequency was ‫3ف‬ ϫ 10 Ϫ4 , which are within the ranges described by previous studies (Grigliatti 1998). esis is the morphogenetic furrow (MF), where the cell ate into the photoreceptor cell preclusters and the surthird chromosome balancers to generate stocks. To simplify the screen and stock generation, only interactors that mapped rounding cells enter a synchronous S phase, after which to the second or third chromosome were kept. Once a stock a subset of these cells undergoes mitosis. Hedgehog was generated, flies were crossed to a DmcycE JP strain to ensure signaling has been shown to be important for Cyclin D that the enhancer or suppressor mutation segregated away
and Cyclin E expression in this post-MF cell division from the balancer chromosome. Any mutations that resulted (Duman-Scheel et al. 2002) . Perturbations to the orgain a dominant eye roughening in the absence of DmcycE JP were discarded.
nized arrangement of cell division in the developing eye For complementation analysis, inter se crosses were carried by, for example, ectopic expression of S-phase inducers, out between all lethal alleles on each chromosome and allele Cyclin E or E2F/Dp, or the negative cell cycle regulators, combinations that resulted in trans-heterozygous lethality to human p21 or Drosophila Rbf, result in defects in eye Ͼ98% were considered to be within the same gene group. development leading to disorganized or rough adult Asano et al. 1996; Du et al. 1996; Xin et al. 2002) .
genes were mapped using the ru The eye phenotypes resulting from overexpression of multiply marked chromosomes. The deficiency kit (BloomingCyclin E, E2F/Dp, or Rbf in the posterior differentiating ton Stock Center) was used for deficiency mapping. Chromocells of the eye disc have been used as the basis of some cytology of third chromosome suppressors was analyzed after Giemsa staining of polytene chromosomes prepared genetic screens of EMS-mutagenized flies to identify from non-Tubby larvae from a cross of the suppressor (over dominant modifiers, revealing novel regulators of the TM6B) to Canton-S.
cell cycle (Staehling-Hampton et al. 1999; Boulton DmcycE interactions: To test X and third chromosome defiet al. 2000; Lane et al. 2000; Duman-Scheel et al. 2002) . (Harbour and Dean 2001) . In were picked for BrdU labeling. BrdU labeling was carried out as described previously . Cyclin E a number of cases, specific mutations in these candidate antibody staining was carried out using a polyclonal Cyclin E genes were tested for modification of the DmcycE JP pheantibody raised in rats, as previously described (Crack et al. notype. This approach enabled the identification of a 2002). To determine whether the stage of lethality was before number of novel cyclin E-interacting genes ( . To obtain an but did not interact with cyclin E, or specific mutations estimate of how many interactors were expected from were not available in the candidate genes. a random mutagenesis, available X and third chromoTumor suppressors and oncogenes: From the DmcycE JP some deficiencies were tested to determine how many deficiency screen, a number of regions that showed of these were able to modify the DmcycE JP phenotype. suppression removed Drosophila tumor suppressor A total of 20 suppressor regions and 16 enhancer genes, while many that enhanced removed potential regions on the X and third chromosomes were identioncogenes (Table 1) . These candidate genes, as well as fied by generating homozygous DmcycE JP flies that were other potential oncogenes or tumor suppressors, were also heterozygous for the deficiency chromosome (Taspecifically tested where possible ( (see below) . Moveover, Rac2, which type. The most likely explanation for this is that these plays a redundant role with Rac1, was isolated in a screen deficiencies also delete a dose-sensitive suppressor of for genes that when overexpressed inhibit cell proliferaDmcycE JP (Table 1) . Suppression of DmcycE JP was also tion in the Drosophila eye, which was rescuable by ecobserved with a deficiency (of the region 63F4-64C15) topic expression of Cyclin E (Tseng and Hariharan removing the Drosophila cdc4(ago) gene, which encodes 2002). Taken together these data suggest that Rac is a an F-box protein of the Skp1-cullin-F-box (SCF) ubiquinegative regulator of G1-S progression in Drosophila tin ligase complex involved in Cyclin E protein degradaand thus it is unlikely that halving the dosage of Rac1 tion and can dominantly suppress the DmcycE JP rough accounts for the dominant enhancement of the 61C3-4 to 62A8 region. We were also unable to test Ras64B eye phenotype (Moberg et al. 2001) . Although we have not specifically tested fused to determine whether it represents the interwing pouch ( Johnston and Edgar 1998; Johnston et al. 1999; Johnston and Sanders 2003) . Similarly, we acting gene, this interaction is consistent with the recent observation that the Hedgehog (Hh) pathway acts to have previously shown that the Dpp (TGF␤ homolog), although growth stimulatory earlier in development, upregulate cyclin E transcription in the eye (DumanScheel et al. 2002) and that upregulation of the Hh acts to negatively regulate cell cycle progression in the third instar eye imaginal disc and mutants that disable pathway is oncogenic in mammals (Wetmore 2003) . To explore this further, we analyzed the effect of halving the Dpp signaling pathway dominantly suppress DmcycE JP tramtrack (neural differentiation inhibitor); emc, extra-macrochaetae (Id-related HLH repressor protein required for cell proliferation in the wing and with hairy for MF progression in the eye); trio (Rac-GEF, required for Rac activation); Rac1 (Rac family GTPase); Roughened (Rap1; Ras-like GTPase); cdc2-63E (cdc2-related protein kinase); Ras64B (Ras-related); RfC40, Replication factor-C40 (DNA replication initiation); DNApol␣50, DNA polymerase-␣ 50-kD subunit (DNA replication); h, hairy (see emc); dally (glypican, cooperates with Wg and other growth factor receptors); mcm7, minichromosome maintenance 7 (DNA replication initiation); shc (adaptor protein required for Egfr signaling); eif-4E (translational initiation factor); cdk8 (cdc2-related protein kinase); DNA primase (DNA replication); cyclin H (Cyclin required for activation of cdk8 protein kinase); DNApol-eta (DNA replication); plx, pollux (a cell adhesion protein related to the human oncogene TRE17; Zhang et al. 1996) ; E2F1 (S-phase transcription factor); crb, crumbs (apical-lateral membrane protein involved in cell polarity); and string (Cdc25 phosphatase, activator of Cdc2). An unidentified gene essential for DNA replication is located within the 75B8-75F1 region (Smith et al. 1993 Mediator of Wg signaling Mild suppression spen (poc): poc RNA-binding protein Suppression LOF, loss of function; GOF, gain of function.
Drosophila tumor suppressor genes. Specific mutations (Amaldi and Pierandrei-Amaldi 1997; Martin and Blenis 2002) . However, disruption of Drosophila S6 were available for some of the candidate genes encoding tumor suppressors and were therefore tested for a gekinase leads to reduced growth and smaller flies and mutation of the upstream kinase Tor causes cell cycle netic interaction with cyclin E. Specific mutations in Ribosomal protein S6 (RpS6 air8), the best candidate for the arrest that can be rescued by cyclin E expression (Zhang et al. 2000) . Furthermore, conditional knockout of RpS6 cyclin E suppressor in the 19A-20F region, were tested and shown to suppress the DmcycE JP rough eye phenoin mice results in a specific block in cyclin E expression (Volarevic et al. 2000) . Given this role for RpS6 in type (Table 2 ; not shown). Mutations in RpS6 were identified as loss-of-function mutations that result in overmammalian cells, it is unknown how halving the dosage of RpS6 leads to the suppression of DmcycE JP ; however, proliferation of larval hematopoietic tissues and give rise to variable melanotic tumor phenotypes (Gateff it is consistent with the tumor suppressor function of Drosophila RpS6. et al. 1996) . RpS6 is phosphorylated in response to mitogen stimulation and phosphorylated RpS6 is preferen-
Other Drosophila tumor suppressors were tested for interaction with DmcycE JP (Table 2) , and those that tially incorporated into polysomes, resulting in an increased rate of translation of a subset of transcripts showed suppression were hop-air (an activating mutation Summary of the number of homozygous viable and homozygous lethal second and third chromosome modifiers obtained from the EMS and X-ray mutageneses. Not included are three X-ray-generated suppressor mutations likely to be translocations to the Y, for which it was not possible to know whether they were homozygous viable or lethal.
in JAK kinase), consistent with a role for Drosophila Jak mutagenesis, 39,234 F 1 flies were screened for modification of the DmcycE JP rough eye phenotype and stocks in cell proliferation and that Cyclin D-Cdk4 and Cyclin E-Cdk2 bind and regulate STAT92E protein stability of 104 suppressors and 59 enhancers that consistently modified the DmcycE JP phenotype on the second or third ; fat (encoding an atypical Cadherin involved in planar polarity); expanded (encoding a FERM chromosomes were generated (summarized in Table  3 ). For the EMS mutagenesis a total of 15,049 F 1 flies domain protein involved in actin remodeling); and the unidentified air7, air10, and air16 (Gateff et al. 1996;  were screened and 29 suppressors and 54 enhancer mutations on the second or third chromosomes were de Lorenzo et al. 1999) . The Drosophila E-cadherin gene, shotgun (shg; Tepass et al. 1996 ; Uemura et al.
isolated (Table 3) . DmcycE JP suppressor complementation groups: For 1996), when halved in dosage, was also shown to slightly suppress DmcycE JP . In contrast, lethal (3) malignant brain the second chromosome homozygous lethal suppressors, complementation analysis revealed that there were tumor [l(3)mbt] and hyperplastic discs (hyd; Gateff et al. 1996; de Lorenzo et al. 1999) , which were considered 10 complementation groups containing more than one allele, as well as many with single alleles (Tables 4 and  candidates for the regions 97A-98A2 and 85D8-85E13, respectively (Table 1) , did not modify the DmcycE JP phe-5; and data not shown). In addition, these stocks were crossed to a number of alleles on the second chromonotype when specific alleles were tested (Table 2 ; data not shown). Taken together these data suggest that some identified in the screens for enhancers of the eye phenotypes generated by overexpression of cyclin E or there are specific pathways that show rate-limiting effects on Cyclin E and thereby entry into S phase, in the E2F1/Dp (Staehling-Hampton et al. 1999; Lane et al. 2000) . This analysis revealed that 62S9 was allelic to eye imaginal disc.
Identification of cyclin E interactors using a mutagenic E(sev-cycE) e93 (and was termed group 2.11). Further analysis revealed that some members of group 2.6 contained dominant modifier screen: As described above, screening for dominant genetic modifiers of DmcycE JP using a second lethal allele that was distinct from the lethal common to group 2.6 members, forming two new deficiencies and candidate gene approaches has revealed some interesting interactors. However, this apgroups, 2.12 (containing the 2.6 allele, 42S13, and a single allele 22S9) and 2.13 (containing the 2.6 alleles proach is limited in that the deficiencies may remove more than one modifier, confounding the identification 42S14 and 66S4 and the 2.7 allele 55S2). Thus there were a total of 13 second chromosome suppressor of interacting genes. For these reasons, an unbiased genetic screen for DmcycE JP modifiers using mutagengroups with multiple members. For the third chromosome suppressors, complementation analysis revealed ized flies was carried out, to generate specific modifier mutations that could be further characterized. To ranthat there were 5 groups containing Ͼ1 allele, and there were many single alleles (Tables 4 and 5 ). Groups 3.3 domly generate mutations that could then be examined for their effect on the DmcycE JP phenotype, we utilized and 3.4, however, cannot truly be considered as groups with more than one allele as there were only two mem-X-ray mutagenesis, which causes deletions and chromosomal rearrangements (Sankaranarayanan and Sobels bers in each and they both contained a common member, 65S55, which appears to contain a large deletion. 1976) that are expected to aid in the identification of the modifier, and EMS mutagenesis, which causes nucleThe suppression of the DmcycE JP adult eye phenotype by representatives of the identified suppressor groups otide substitutions resulting in missense or nonsense mutations (Lifschytz and Falk 1968). For the X-ray is shown in Figure 1 . Underlined alleles are members of more than one group. 55S2 is a member of 2.7 and 2.13, but other 2.7 alleles complement the 2.13 alleles, 42S14 and 66S4. Weak alleles are in parentheses. These gave escapers that showed the Rehow phenotype with other 2.7 alleles, although they failed to complement Df(2R)M60E. FTC, failed to complement; C, complemented; ND, not determined.
a E6S4 also contains another lethal at 29D1-2 to 30C4-D1. b All three alleles failed to complement each other, but 65S13 and E10S34 were not completely lethal over the deficiency and gave rise to escapers with rough eyes and wing defects.
c Mapping data are for 1S2. d Deficiency also suppressed DmcycE JP (Table 1 and data not shown). e The given cytological interval was determined only by genetic mapping of the lethal. No deficiencies uncovering this mutant were identified by deficiency mapping.
f Deficiency did not suppress DmcycE JP (data not shown). g Deficiency did not suppress but rather enhanced DmcycE JP (see Table 1 ). (Tables 5 and 7) . In these 64S19, 65S39, 19S3, 40S5, 42S3, 62S9, 65S23, E10S15, or cases, it is likely that these suppressor mutations define 64S10, the Rehow phenotype occurred independent of novel genes. For two of the suppressor groups (2.6 and DmcycE JP homozygosity (in the background of DmcycE JP /ϩ). 3.3) and five of the single alleles (20S1, 42S12, 42S33, Crosses between the third chromosome single-allele 43S1, 47S8) a precise location for the suppressor was suppressors; 47S8 and 59S9, 20S1, 63S15, or 65S19; also not determined, since none of the available deficiencies gave rise to the Rehow phenotype. In these cases, gefailed to complement the suppressor. In these cases the netic and deficiency mapping data suggest that none lethal mutation must map to a region not covered by of these alleles are weak alleles of the same complementhe deficiency collection. A brief description of the identation group.
tification of the more precisely localized suppressors is Basic characterization was then carried out on second detailed below and summarized in Tables 4 and 5 . chromosome multimember complementation groups
The identified suppressors: By complementation tests and most of the third chromosome suppressors (sumto known gene alleles the identities of five second chromarized in Tables 4 and 5 ). We determined whether mosome suppressors (2.1, 2.2, 2.5, 2.11, 2.12) and six the suppression of DmcycE JP was occurring at the level third chromosome suppressors (3.5, 2S1, 35S1, 43S2, of S phases during eye development (shown for repre-63S15, 65S19) were revealed. These suppressor genes sentatives of the identified suppressors in Figure 1 ). In fall into the functional groups of chromatin remodeling all cases examined, there was a significant increase in and transcription factors (four genes), signaling (two the size of the eye disc as well as in the number of S genes), cytoskeletal (one gene), cell adhesion (two genes), phases in the anterior and the post-MF S-phase band.
and neoplastic tumor suppressors (two genes). Specific Thus all suppressors tested act to suppress DmcycE JP by details on the verification and characterization of these increasing S phases in the normal pattern. The stage of suppressors are discussed under these functional grouplethality of the homozygous modifier mutation was also ings (summarized in Table 4 ). determined by counting the number of hatched emChromatin remodeling and transcription factor genes: bryos and examining whether homozygous third instar 3.5 (Brahma): 3.5 was mapped to 71F1-72D1 (Table 4 ) larvae were present (Tables 4 and 5 ). This analysis led and alleles of brahma, a SWI2 homolog, encoding a comto the observation that group 2.1 and 63S15 homozyponent of the SWI/SNF chromatin-remodeling comgotes died as overgrown larvae, a phenotype that occurs plex (Papoulas et al. 1998) , failed to complement both with Drosophila neoplastic tumor suppressors (Gateff 3.5 alleles. Furthermore, Df(3R)brm11 (71F1-4; 72D1-et al. 1996; de Lorenzo et al. 1999; see below) . 10) was identified as a dominant suppressor of DmcycE JP Mapping and identification of DmcycE JP suppressors: in the screen of third chromosome deficiencies (Table  The cytological location of the lethal mutation for the 1). Consistent with suppressor 3.5 being brahma, we complementation groups and some of the single alleles showed that previously isolated alleles of brahma also was determined by crossing suppressors to the defidominantly suppressed DmcycE JP (Brumby et al. 2002) . ciency collection (Bloomington Stock Center). In addi-35S1 (Moira): 35S1 was mapped to 89A11-89B10 (Tation, a crude map position was determined for most ble 4). Candidate mutants in this region were tested for of the third chromosome interactors and some of the allelism with 35S1, and alleles in moira, a SWI3 (BAP155) second chromosome interactors by genetic mapping of homolog, failed to complement 35S1. Consistent with the DmcycE JP suppressor mutation. In all cases tested, the suppressor 35S1 being moira, we demonstrated that the map location of the suppressor by genetic mapping previously isolated alleles of moira also dominantly supwas consistent with the map location of the lethal by pressed DmcycE JP (Brumby et al. 2002) . deficiency mapping. In some cases, chromosome cytolBrahma and Moira are components of the Drosophila ogy was examined to map aberrations (Tables 4 and 5) .
Brahma (SWI/SNF-related) chromatin remodeling comKnowledge of the location of the modifier gene then plex (Papoulas et al. 1998) , which has been shown to enabled likely candidate genes to be investigated by play a role in negatively regulating S phase (Staehlingtesting mutant alleles, where available, for failure to Hampton et al. 1999; Harbour and Dean 2000) . Consiscomplement the modifier mutant. tent with this notion, alleles of other Brahma complex This strategy enabled the identification of 5 of the genes, snr1 and osa, as well as a deficiency that removes 13 second chromosome (2.1, 2.2, 2.5, 2.11, and 2.12) and 6 of the 20 third chromosome suppressors (3.5, the brahma-associated protein 60 (BAP60) or BAP111, dom-inantly suppress the DmcycE JP phenotype (Brumby et al. Phyl is a pioneer protein (containing no homology to other known proteins) that functions with the Ring fin-2002; Table 1 ).
65S19 (Trithorax-like): 65S19 was only semilethal; howger protein Seven in absentia (Sina) and the F-box protein Ebi, to bind to and target the two isoforms of the ever, genetic and deficiency mapping was still possible, and 65S19 was located to 70D4-71C3 (Table 4) . Comneural differentiation inhibitor, Tramtrack (Ttk69 and Ttk88) and probably other proteins for destruction by plementation tests of candidate genes in the region revealed that Trithorax-like (Trl) was allelic to 65S19. the ubiquitin/proteosome pathway, allowing neural cell differentiation (Li et al. 1997; Tang et al. 1997 ; Boulton Consistent with this, previously characterized alleles of Trl also dominantly suppressed DmcycE JP (Brumby et al. et al. 2000) . ) showed weak dominant suppression 72D10 (Table 4 ) and complementation tests of mutations in the 72D1-10 region revealed that In(3)Taf4 XS-2884 , an (M. Coombe, L. Quinn, R. Dickins, J. Secombe and H. Richardson, unpublished results). However, a defiinversion affecting expression of Taf4 (Taf110) and Zn72D , failed to complement 43S2.
ciency removing sina showed strong dominant suppression of DmcycE JP (Table 1 ). This deficiency removes a A specific EMS allele of Taf4, l(3)72Dj, however, complemented 43S2, suggesting that 43S2 is most likely allelic sina-related gene (sina-h), located adjacent to sina, as well as Abl, which has been shown to dominantly supto zn72D (CG5215). Indeed, another EMS allele in the region, l(3)72Dk, which failed to complement In (3) press DmcycE JP (see below). Consistent with the involvement of the Sina complex in negative regulation of Taf4 XS-2884 , also failed to complement 43S2, suggesting that l(3)72Dk is an allele of zn72D. The zn72D gene G1-S, ebi alleles have been shown to dominantly suppress DmcycE JP (Boulton et al. 2000) . The mechanism by encodes a zinc finger protein, but has not been characterized. In an attempt to verify the identity of 43S2 which the Sina complex acts to regulate G1-S does not involve targeting Cyclin E or E2F for ubiquitin-depensuppression as being due to a mutation of zn72D, l(3)72Dk was crossed into the DmcycE JP background. dent degradation (Boulton et al. 2000) and remains to be determined. However, l(3)72Dk did not suppress the DmcycE JP adult eye phenotype or the S-phase defect of DmcycE JP eye 2S1 (trio): 2S1 was mapped to 61E-62A8 (Table 4 ) and by crosses to mutations within the region it was discs as effectively as 43S2 did (Figure 1) , which may be due to l(3)72Dk being a weaker allele than 43S2.
revealed that trio [encoding a Rac guanine nucleotide exchange factor (Rac-GEF; Bateman et al. 2000) ] failed Molecular characterization of the 43S2 and l(3)72Dk lesion will be required to confirm this. Interestingly, to complement 2S1. To confirm this interaction, a previously isolated allele of trio (trio
M89
) was crossed into the Zn72D was identified in a differential expression screen as a gene expressed specifically in the differentiating DmcycE JP background. trio M89 was shown to dominantly suppress the DmcycE JP rough eye phenotype and S-phase region of the eye disc (Jasper et al. 2002) , consistent with a role for Zn72D in cell cycle arrest or differentiadefect (Figure 1 ). Rac-GEFs are involved in the activation of Rac family GTPases, which have roles in actin tion.
Signaling pathway genes: 2.2 (phyllopod): 2.2 was locytoskeletal remodeling (Blanchard 2000) . In mammalian cells, Rac can lead to repression of Rho activity calized to 51A1-51A5 (Table 4) Phyl expression is induced by the Sevenless receptor to also suppress the DmcycE JP rough eye phenotype (not shown). The precise mechanism by which reducing the tyrosine kinase signaling pathway and is a rate-limiting component in R7 photoreceptor cell differentiation in dosage of trio and Abl leads DmcycE JP suppression remains to be determined. the eye imaginal disc, but also has other roles in neural differentiation during development (Dickson 1998).
Cytoskeletal genes: 2.5 (dEB1): 2.5 was localized to 42B3-42C7 (Table 4) . 2.5 58S12 was also lethal over the P alleles in the region were tested by complementation analysis, revealing that an allele of CadN (CadN
M12
) failed adjacent deficiency, Df(2R)nap1 (41D2-E1; 42B1-3), indicating that this allele is a deficiency or rearrangement to complement both 2.12 alleles. CadN encodes a cadherin-like transmembrane protein (Table 4 ). The mapping of 2.1 was in mammalian cells as a binding partner of the adenomatous polyposis coli (APC) colon cancer tumor supinitially confounded by the fact that two deficiencies in the deficiency kit, Df(2L)Prl (32F1-3; 33F1-2) and pressor (Su et al. 1995) ; however, Drosophila APC1 and APC2 both lack the EB1-binding domain. Consistent
Df(2L)J39 (31D1-11; 32D1-E5), also contained lesions in the 21A region and therefore failed to complement with the identity of 2.5 being dEB1, l (2) E(sev-cycE) e93 was from the Lane et al. (2000) genetic Hampton et al. 1999; Lane et al. 2000) and net (I. Harriharan, personal communication), both complemented screen (see above). 2.11 was mapped to the region 51D3-51F13 (Table 4) , and by testing mutations within 2.1 alleles. Taken together these data suggest that lgl corresponds to 2.1. To confirm that a lesion in lgl supthis region, it was revealed that the P allele, l(2)01288, failed to complement both 2.11 alleles. The insertion presses the DmcycE JP phenotype, a null allele of lgl (lgl 4 ) was tested for suppression of DmcycE JP . However, lgl 4 point of l(2)01288 has been defined (BDGP) and disrupts the scab gene, encoding an ␣-integrin, ␣PS3, did not suppress the S-phase defect or the rough eye phenotype of DmcycE JP to the same extent as 2.1 alleles thought to play a role in tissue morphogenesis (Stark et al. 1997) . To further confirm that 2.11 is allelic to scab, did (Figure 2 ; and data not shown). However, halving the dosage of 2.1 alleles resulted in a greater increase previously identified EMS-derived alleles of scab (scb 1 and scb 2 ) were tested and shown to also fail to complement in Cyclin E protein levels in DmcycE JP eye discs than halving the dosage of lgl 4 /ϩ (Figure 3) . It is possible 2.11 alleles. Consistent with the suppressing gene being scab, l(2)01288, scb 1 , and scb 2 were recombined onto the that additional mutations in the lgl 4 background may account for its poorer ability to dominantly supDmcycE JP and were shown to also suppress the rough eye phenotype and the S-phase defect of DmcycE JP ( Figure  press DmcycE JP compared with 2.1 alleles. Consistent with lgl mutations being responsible for the suppression of 1 and data not shown). In mammalian cells, integrins in association with the extracellular matrix have a wellDmcycE JP , lgl-2.1 and other lgl mutant clones in the eye imaginal disc showed ectopic expression of Cyclin E, established role in promoting anchorage-dependent cell proliferation (Danen and Yamada 2001) . However, which could be suppressed by expression of lgl using a UAS-lgl transgene (N. Amin, A. Brumby, J. Secombe and recent studies have shown that integrins can also inhibit G1-S progression (Hazlehurst et al. 2000 (Figure 1 and data not shown) were mapped to 36D1-36E4 (Table 4) . Mutations and analysis of 63S15 showed that there was a lesion in the 97D region involving a translocation to the second chrowith lgl and dlg in the embryo (Bilder et al. 2000) . Strikingly, halving the dosage of several other suppresmosome (data not shown). By crosses to P alleles in the region, 63S15 was found to be allelic to l(3)j7b3, which sor genes identified in the screen also resulted in very low numbers of scrib mutant progeny, most notably with is located in the first intron of a gene now known as scribble (Bilder and Perrimon 2000) . dEB1 (2.5), phyl (2.2), the ␣PS3 integrin gene scab (2.11), the Brahma complex gene moira, and to a lesser Scribble is a four-PDZ95-Dlg-ZO1 and multi-leucinerich repeat containing protein localized to septate juncextent brahma, as well as the unidentified 2.3, 2.4, and 2.9 genes. The mechanism of these interactions retions and required for apical-basal polarity (Bilder and Perrimon 2000; Humbert et al. 2003) . When homozyquires further analysis and relies on identifying the 2.3, 2.4, and 2.9 genes. gous, 63S15, like scribble null alleles, arrest as giant overgrown larvae due to amorphous overgrowth of imaginal
The unidentified suppressors: The map positions for suppressor groups 2. 3, 2.4, 2.7, 2.8, 2.9, 2.10, 2.13, 3 .1, discs and brain lobes, which is characteristic of neoplastic tumor suppressor mutants (Gateff et al. 1996; de 3.2, and 3.4 (1S2) Figure 2 and data not shown). This suggests that 63S15 ciencies that failed to complement these suppressors did not suppress DmcycE JP (Table 1 ; and data not shown). may be a stronger scribble allele than scrib 1 or scrib 2 . In confirmation that scribble alleles suppress the DmcycE JP For most of the unidentified suppressors complementation tests of all likely mutations and P alleles within the phenotype, halving the dosage of scribble in DmcycE JP eye discs leads to higher levels of Cyclin E (Figure 3 and respective regions and Southern analysis of candidates have so far failed to identify the affected gene (Table  data not shown) and scrib 1 and scrib 2 eye imaginal disc clones show ectopic expression of Cyclin E (Brumby 7); therefore, these suppressor mutations affect novel genes, which will require further analysis to identify. and .
lgl and scribble are neoplastic tumor suppressor genes The exception is 2.3, where there are two candidates (Table 7 and see below). Potential candidates, with links that together with discs-large (dlg) act in the same pathway to regulate apical-basal cell polarity (Bilder et al. to identified DmcycE JP suppressors and thereby G1-S regulation, were found for many of the unidentified sup-2000; Humbert et al. 2003) . Because of this function, we have termed these proteins cytoarchitectural tumor pressors (see Table 7 ). Some of these candidates have been tested by complementation tests or Southern analsuppressors to highlight their role in cell structure. Consistent with this pathway being important in regulation ysis and have been ruled out as being affected by the suppressor mutation (Table 7) . Details on mapping and of G1-to S-phase progression, a deficiency removing dlg, Df (1) (Tables 1 and 2 ; Figure 2 ). Scribble, Dlg, and Lgl have been recently shown to act antagosuppressors, see Tables 5 and 7 .
(59S16, 65S12) location (36F7-37B8): While 59S16
nistically to the Crumbs cell polarity complex (Bilder et al. 2003; Tanentzapf and Tepass 2003) , and consistent carries a deletion removing at least six complementation groups within the 36F7-37B8 region, including l(2)36Fd with this, a deficiency removing crumbs and a crumbs allele (crb 2 ) dominantly enhanced DmcycE JP (Table 1) . and l(2)37Ac, 2.3 65S12 was found to be lethal over the unidentified lethal gene l(2)36Fd, but gave ‫%5ف‬ esScribble-interacting genes: To determine whether a common pathway is involved in the mechanism by which capers over l(2)37Ac. 2.3 65S12 is therefore likely to be a smaller lesion affecting both of these uncharacterized the DmcycE JP suppressors lead to deregulation of cell proliferation, we analyzed weak scribble mutant combinagenes. A recently characterized gene in the 36F region, hamlet, which is a transcription factor involved in dentions for a dominant genetic interaction with other genes identified in the DmcycE genetic screen (Table  drite (2)36Fd. Further analysis is required to determine whether hamlet or l(2)36Fd corresponds to and thorax-closure defects (not shown). Reducing the dose of the lgl (27S3, E2S31, and lgl 4 ) showed a strong the 2.3 suppressor.
(19S5, 24SX, 58S5, 62S2) location [73D-74F (74B1-
interaction with the weak scrib allele phenotype, resulting in no scrib mutant progeny heterozygous for 74C1)]: Consistent with the map position defined by deficiency mapping, chromosome cytology revealed lgl. This is consistent with the previous observations that scribble mutations exhibit strong genetic interactions that 58S5 contained a deletion in the 74A-F region, allelic to 1S3. 59S9 location (62D2-62F5): Consistent with this location for 59S9, cytological analysis revealed a breakpoint and it failed to complement several lethal alleles in the at 62B. A possible candidate in this region is spinophilin region. The cadherin-like gene, CG6445 (Cad74A), was (neurabin), encoding an actin-binding scaffold protein, considered a candidate, since the cadherin-like protein, which in mammalian cells is involved in binding to and Fat, is a tumor suppressor in Drosophila (Gateff et al.
upregulating Rac and p70-S6K activity (Buchsbaum et 1996; de Lorenzo et al. 1999) . Southern analysis failed al. 2003) . Since another gene involved in Rac activation, to reveal any alterations in this gene in 3.1 alleles (data trio, was identified as a suppressor of DmcycE JP it is possinot shown). The method of male recombination (Svoble that spinophilin is also a suppressor. Furthermore, boda et al. 1995) was then used to further define the Drosophila mutations in spinophilin are semilethal (Keemap position of the 3.1 alleles, 19S5 and 24S10 relative gan et al. 2001), as is 59S9. to several P alleles, revealing that the lethal associated Further analysis is needed to investigate whether the with 3.1 mapped to the right of blot (74B1-2) and to the potential candidates for these suppressors, listed above left of l(3)S070006 (allelic to l(3)L6750 ϭ frc at 74B4), and in Table 7 , are disrupted by the suppressor mutal(3)00073 (74C1-2), and EIP74EF (74D2-5). Taken totions and for the identification of the suppressors. gether these data suggest that 3.1 maps between 74B1 and 74B4. A candidate gene within this region, CG3885, encodes a Sec3-like protein, a component of the exocyst DISCUSSION complex involved in docking at the plasma membrane, which is a function that Lgl has also been implicated
In this study, we have identified genetic interactors of cyclin E by screening deficiencies, by testing candidate in (Lehman et al. 1999; Musch et al. 2002) .
1S3 location [98A-100B (98A5-98E3)]:
Chromosome genes, and through EMS and X-ray mutagenesis screens. This work has led to the identification of many genes cytology showed that 1S3 contained a translocation that when mutated have the ability to dominantly modify and arm; (3) genes encoding cytoskeletal proteins dEB1 (encoding a microtubule-binding protein) and expanded the DmcycE JP adult rough eye phenotype and S-phase defect in third instar larval eye imaginal discs. In addi-(encoding a FERM domain cytoskeletal protein and hyperplastic tumor suppressor); (4) genes encoding cell tion to genes already known to be regulators of Drosophila cyclin E or G1-S progression, such as E2F1; retinoblasadhesion proteins scab (encoding an ␣-integrin), cadN (N-Cadherin), shg (E-Cadherin), and fat (encoding an toma (Rbf); ago (cdc4) encoding a protein involved in Cyclin E degradation (Moberg et al. 2001) ; the EGF atypical-cadherin and hyperplastic tumor suppressor); and (5) cytoarchitectural tumor suppressor genes scribreceptor pathway genes Egfr and Ras85D, which act to promote Cyclin E protein accumulation (Prober and ble, lgl , and dlg, required for apical-basal cell polarity and cell proliferation inhibition. While some of these Edgar 2000; Brumby and Richardson 2003); and Hh signaling pathway genes, which act to promote cyclin E genes (brm, mor, expanded, fat, scribble, and lgl) have been previously shown or implicated to play a role in negatranscription (Duman-Scheel et al. 2002) ; this screen led to the identification of many novel cyclin E intertively regulating G1-S (Gateff et al. 1996; de Lorenzo et al. 1999; Staehling-Hampton et al. 1999; Bilder et actors. This study has mainly concentrated on the suppressors of DmcycE JP , although from the deficiency al. 2000) , a potential role for Trl, Znf72D, phyl, sina, trio, Abl, RpS6, wg, dsh, arm, dEB1, scab, cadN , and shg in screen and specifically testing candidates, we identified axin (an inhibitor of Wg signaling), rho1, and crumbs as inhibiting G1-S progression in Drosophila is novel. Further studies are required to determine whether Abl, enhancers of DmcycE JP , which therefore may act as novel positive regulators of G1-S progression. The suppressors RpS6, wg, dsh, arm, and shg do indeed suppress DmcycE JP by acting at the S-phase level and to understand the of DmcycE JP identified include the following classes: (1) chromatin remodeling genes brm, mor, Trl, or the tranmechanism by which these genes act in G1-S regulation. The identification of novel classes of presumptive negascription factor Zn72D; (2) signaling pathway genes phyl, sina, trio, Abl, RpS6, wg and Wg pathway effectors dsh tive regulators of cyclin E or G1-S progression highlights Cdc2 inhibitor In combination with Cyclin A can drive entry into (Campbell et al. 1995) S phases Thomas et al. 1997) 1999; Gateff et al. 1996) 3.4 CG5263 (smg) Translational repressor Role in neural cells (Clark et al. 2002) ; possible role in G1-S regulation, given the identification of RpS6 in the screen 1S3 APC1 Parmentier et al. 2000) (continued) the power of Drosophila whole-animal genetics as a tool type (Brumby et al. 2002) . The sevenless-cyclin E screen (Lane et al. 2000) revealed alleles in identified cell cycle for revealing new cell proliferation pathways.
It is unclear at present how many of the DmcycE JP genes cdk2 (as a suppressor), dacapo (as an enhancer), and E2F1 (a suspected gain-of-function allele as an enmodifiers identified in our screen bear upon the role of Cyclin E in DNA replication or centrosome duplication hancer) and identified as an enhancer the novel gene spen (poc), also identified in the GMR-E2F1/Dp screen (see Introduction). Brahma and Moira are likely to be downstream targets of Cyclin E/cdk2 that may impact (Staehling-Hampton et al. 1999) . Spen (Poc) is a RNPtype RNA-binding protein that has recently been shown upon transcriptional regulation or DNA replication (Brumby et al. 2002) , but whether other interactors to be required for Wg signaling in imaginal discs (Lin et al. 2003) . We have not identified spen (poc) as a supact upstream or downstream of Cyclin E remains to be determined. The only cyclin E interactor we identified pressor in our genetic screen, but alleles of spen (poc) were tested and shown to suppress DmcycE JP (Table 2) , that has been shown to be associated with the centrosome is EB1 (Rehberg and Graf 2002); however, consistent with the Wg signaling pathway acting to negatively regulate G1-S progression in the eye disc. As dewhether this reflects upon the role for Cyclin E in centrosome duplication in Drosophila is unclear. A recent tailed above, we have shown that one of the single alleles identified as an enhancer in the sevenless-cyclin E screen study has shown that the Drosophila SkpA, a component of SCF ubiquitin ligases, regulates centrosome duplicais allelic to our DmcycE JP suppressor 2.11, which we have identified as scab. In the GMR-Rbf screen, alleles of tion independently of Cyclin E accumulation (Murphy 2003) .
patched, encoding an inhibitor of Hedgehog (Hh) signaling, were identified as dominant suppressors (DumanSimilar genetic screens carried out using phenotypes generated by overexpression of cyclin E (Lane et al. 2000) Scheel et al. 2002) . Although our mutagenesis screen did not reveal alleles of patched, patched alleles strongly or the G1-S regulators E2F1/Dp (Staehling-Hampton et al. 1999) , Rbf (Duman-Scheel et al. 2002) , and human suppressed DmcycE JP (Table 2) , consistent with the notion that Hh signaling leads to increased transcription p21 (Cdk2 inhibitor; I. Hariharan, personal communication) have revealed a more restricted set of interacting of cyclin E (Duman-Scheel et al. 2002) . The greater number of interactors that we obtained in our screen genes than that obtained in our cyclin E hypomorphic allele genetic screen. The GMR-E2F1/Dp screen (Staehmay be due to the fact that our screen was of a cyclin E hypomorphic phenotype that affected cell proliferation ling-Hampton et al. 1999) revealed alleles of the chromatin remodeling genes brm, mor, and osa and of the in early eye development as well as the post-MF S phases and may therefore have been more sensitive to gene transcription factor pointed, an effector of the Egfr-Ras signaling pathway, as enhancers. This is consistent with dosage than the overexpression screens. Furthermore, unlike the overexpression screens, the cyclin E hypomorour identification of brm and mor as suppressors of the hypomorphic cyclin E phenotype in our mutagenesis phic screen is more likely to reveal genes that are upstream of cyclin E expression. screen. In addition, we tested alleles of osa and showed that they suppressed the hypomorphic cyclin E pheno-
The DmcycE JP suppressor genes we have identified from our mutagenic screen are mostly distinct from interactors have been mapped (not shown) and are candidates for future analysis. Drosophila tumor suppressors previously described (Torok et al. 1993; Gateff et al. 1996; de Lorenzo et Whether the genetic suppressors of cyclin E identified in our screen can all be connected in a common pathway al. 1999). Recently, clonal screens have revealed a novel pathway involved in inhibiting G1-S progression and or represent several converging pathways acting upon G1-S progression in the eye imaginal disc remains to be cell death in the Drosophila eye (Hay and Guo 2003) . This pathway includes lats (warts), salvador, and hippo, determined. As a first step to explore this we examined interactions between a weak scrib mutant and S(DmcycE JP ) and although this pathway has been recently shown to regulate cyclin E at possibly both a transcriptional and alleles, which revealed genetic interactions with lgl, phyl, dEB1 scab, mor, the unidentified suppressors 2.3, 2.4, protein stability level, we did not identify alleles of these genes in our genetic screen. Alleles of hippo, at least, and 2.9, and to a lesser extent brm. This analysis provides a connection between chromatin remodeling, signaling, have been shown to suppress the DmcycE JP phenotype (Wu et al. 2003) . The fact that we did not identify hippo cytoskeletal, cell-cell adhesion, and cytoarchitectural suppressor genes. How exactly these pathways may be in our mutagenesis screen may have been because the screen was not saturating. However, lats (warts) alleles connected and whether other genes identified in the DmcycE JP screen are also functionally connected now did not show appreciable suppression of DmcycE JP (Table  2) ; therefore it is possible that only certain mutations warrant further investigation. Interestingly, many of the genes identified in the of this pathway are capable of dominant suppression.
Also pertinent to our study is the recent Drosophila screen have roles in cell polarity; for example, scrib, dlg, lgl, and crumbs are involved in apical-basal cell polarity, protein interaction map determined by yeast two-hybrid analyses (Giot et al. 2003) . None of our identified cyclin while dlg, fat, expanded, and the Wg pathway, via Rho and Jnk, have roles in planar polarity (Blaumueller and E genetic interactors were identical to the 15 interactors identified by the protein interaction study (Giot et al. Mlodzik 2000; Bellaiche et al. 2001; Yang et al. 2002; Eaton 2003; Fanto et al. 2003) . Moreover, E-cadherin (shg) 2003), but many proteins identified in our screen were not analyzed in their screen (e.g., Brahma, Moira, Scab, and ␤-catenin (arm) function at the adherens junction, which is important in both apical-basal cell polarity and CadN, Dsh, Scribble, Crumbs, Expanded, and Abl). Most of the 15 yeast two-hybrid interactors with Cyclin E cell-cell adhesion ). Whether other cell polarity genes, such as bazooka, par3, apkc, patj, and are uncharacterized, but of the characterized proteins, Combgap, a transcription factor, has been implicated stardust (Humbert et al. 2003) , are also DmcycE JP modifiers and the molecular mechanism by which this occurs in cell proliferation via its effect on Ci expression (Campbell and Tomlinson 2000) . Of the other characterized require further analysis. Pertinent to this, a recent study has shown that apkc clones have reduced cell division interactors, Gliolectin is involved in cell adhesion in axon pathfinding (Sharrow and Tiemeyer 2001) and and that apkc mutants can suppress the overgrowth of lgl mutants, suggesting that upregulation of apkc contribTraf2 is involved in Dorsal activation (Shen et al. 2001 ), but no cell proliferation role has been described for utes to the overgrowth phenotype of lgl, and perhaps also scrib and dlg, mutants (Rolls et al. 2003) . these proteins. Some of the Cyclin E yeast two-hybrid interacting genes map to regions where cyclin E genetic How are junctional components connected to signal-ing pathways or to the cell cycle machinery? In mammateractions using yeast two-hybrid analysis has revealed lian cells, the Frizzled receptors, Fz1, Fz2, Fz4, and Fz7,  that dEB1 binds to the Sina homolog CG13030, providhave been shown to bind to mammalian Dlg1 (Hering ing a connection to the Sina-Phyl pathway (Giot et al. and Sheng 2002) , which may therefore provide a con -2003) . Sina and the Sina homolog also bind to Rasputin nection between apical-basal and the Frizzled-Rho-Jnk (Rin), a homolog of the RasGAP-binding protein G3BP, planar polarity pathway (Adler and Lee 2001) , as well which has a role in planar polarity via effects on the as to the canonical Wg-Arm (␤-catenin) pathway to effect Rho signaling pathway (Pazman et al. 2000) . Thus the S-phase entry (Figure 4) . Furthermore, mammalian scrib Sina-Phyl complex may act via Rasputin to negatively genetically and physically interacts with the planar polarregulate Ras and Rho signaling and thereby G1-S proity gene, vang (strabismus) (Kallay et al. 2003; Mont- gression (Figure 4 ). The protein interaction study (Giot couquiol et al. 2003; Murdoch et al. 2003) . Mammalian et al. 2003) has also revealed that RpS6, identified as a Vang is a potential tumor suppressor that can act to suppressor in our screen, binds to the planar polarity regulate the Wg-Arm pathway (Katoh 2002) . If Vang protein Vang/Strabismus, which was not tested in our acts similarly in Drosophila, it would provide another screen. Interestingly in mammalian cells, Cdc42, a Rhoconnection between planar polarity, apical-basal polarfamily GTPase component of the apical Par6 complex, ity, and Wg signaling pathways. Connections between functions via p70-S6 kinase to upregulate cyclin E tranpolarity proteins and the Egfr signaling pathway have scription (Chou et al. 2003) and disruption of RpS6 in also been observed in Caenorhabditis elegans and mammamice results in a specific block in cyclin E expression lian cells (Simske et al. 1996; Huang et al. 2003) . Consis- (Volarevic et al. 2000) . The yeast two-hybrid analysis tent with this, antagonistic interactions between E-cadstudy (Giot et al. 2003) also revealed protein interacherin in adherens junction function and the Egfr tions between Zn72D and Actin 5C, a component of signaling pathway have been observed in the Drosophila the Brahma complex (Papoulas et al. 1998) , between nervous system (Dumstrei et al. 2002) , and if this also the Brahma-associated protein Bap60 and the apical occurs in the eye imaginal disc then decreasing E-cadzone polarity protein aPKC (Humbert et al. 2003) , and herin levels would be expected to cause an increase in between Dlg or Lgl and zinc finger transcription factors. Egfr-Ras signaling that would lead to increased Cyclin There are precedents for functional interactions be-E protein (Brumby and Richardson 2003) . Furthertween cell polarity proteins and nuclear corepressors, more, there is evidence that the FERM domain protein for example, between Drosophila Fat (atypical cadherin Expanded, which functions together with another involved in planar polarity) and Atrophin (Fanto et FERM domain protein, Merlin, a homolog of the NF2 al. 2003) , suggesting that yeast two-hybrid interactions tumor suppressor, modulates the Dpp signaling pathway between the Brahma complex or the zinc finger tran- (McCartney et al. 2000) and in mammalian cells NF2 scription factors and cell polarity proteins may be funccan inhibit Ras signaling (Lim et al. 2003) . There is also tionally relevant, although further investigation is rea precedent for a connection between Integrin signaling quired. Although there may be many pathways that and cell polarity pathways, since the transmembrane connect the Cyclin E interactors identified in this screen Laminin receptor Dystroglycan has been shown to have to G1-S progression, the examples above suggest ways a role in epithelial cell apical-basal polarity (Deng et al. in which cell polarity proteins may link to signaling 2003) . This now raises the question of whether Scab pathways or directly to chromatin remodeling, corepres-(␣PS3-Integrin) plays a role in apical-basal cell polarity.
sors, or transcription factors to regulate cyclin E or the In mammalian cells, integrins act via focal adhesion transcription of other G1-to S-phase genes (Figure 4 ). kinase (Fak) to activate Rho-family GTPases (SchoenIn summary, the identification in our cyclin E screen waelder and Burridge 1999) and recently it has been of genes that were not necessarily predicted to play roles reported that integrins are important for the localizain G1-S progression highlights the importance of ustion of aPKC (Datta et al. 2003) . In Drosophila, a role ing whole-animal genetics to investigate G1-S regulafor scab in modulation of Dpp signaling has been detion. The identified cyclin E genetic suppressors are conscribed in wing vein formation (Araujo et al. 2003) , served in mammals and given their demonstrated or suggesting a mechanism by which scab may also affect presumptive roles as inhibitors of G1-S progression in cell proliferation. Furthermore, there is a connection Drosophila are candidates for tumor suppressors in between the Trio-Rac-Abl pathway and polarity, since mammalian cancers. Trio interacts with the Lar receptor-like tyrosine phosphatase, which has recently been shown to have a role 
